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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
The study is concerned with the simulation of cracks in finitely deforming viscoelastic media. The main goal is to establish
a computational methodology for crack propagation analyses in bulk material and interface debonding using Extended Finite
Element Method and Cohesive Zone Modeling. A linear viscoelastic plate with a double edge crack was selected as a benchmark
problem, and the XFEM and CZM analysis results were verified against those from the conventional crack propagation method
and those from the literature. Following this, a nonlinear viscoelastic solid rocket motor subjected to various thermal loadings was
analyzed for failure due to bore cracking or interface debonding. In particular, the propagation of bore cracks for a cooldown was
analyzed using XFEM, and the propagation of initial debonding for a cooldown and cyclic temperature was studied using CZM.
Overall it is concluded that, XFEM and CZM are suitable methods for crack propagation analysis in nonlinear viscoelastic media.
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Nomenclature
BM Benchmark
CPE4 4-Node Continuum Plain Strain Element
CZM Cohesive Zone Model
FEM Finite Element Method
HTPB Hydroxyl-Terminated PolyButadiene
LEFM Linear Elastic Fracture Mechanics
LVE Linear Viscoelastic
NLVE Nonlinear Viscoelastic
SRM Solid Rocket Motor
T-S Traction-Separation
XFEM Extended Finite Element Method
2D Two Dimensional
1. Introduction
Crack detection and crack growth predictions are important for health monitoring of many engineering structures
and for the assessment of critical defects that indicate the end of their service life. The standard finite element method
for simulation of crack propagation is based on modeling the existence of a crack and its propagation trajectory. For
a given mesh and crack geometry, stress intensity factor or J-integral is calculated. Upon reaching a critical value the
crack faces are totally separated and crack is advanced in a predetermined direction. The new crack is accommodated
after remeshing is performed. For complex geometries propagation analysis becomes cumbersome since determining
the path of the propagation and re-meshing are computationally expensive.
The main interest of this study is to evaluate the applicability of relatively recent methods to the simulation of
crack initiation and crack growth in solid rocket motors. The Extended Finite Element Method and the Cohesive Zone
Modeling are explored for this purpose. The study focuses on thermal loading since it has the greatest effect on the
service life of SRM.
In the following a review of previous studies concerned with the crack propagation analysis is presented.
Ho and Care (1998) modified the formulation of LEFM to account for the bulk inelastic behaviour in the calculation
of a critical strain energy release rate. The nonlinear propellant behavior was represented through an interpolation
scheme of Prony curves at various strain levels. Results indicate that fracture energy can be employed as an alternative
to failure criteria based on strain or stress capability alone. Liu (1997) experimentally studied the local behavior near
the crack tip in a composite solid propellant under various loading rates and temperatures.The results indicate that the
time-dependent damage process is a contributing factor to the time-dependent fracture behavior near the crack tip. In
addition, the effect of loading rate on the crack growth behavior was found to be small relative to that of temperature.
Gdoutos and Papakaliatakis (2001) used the finite element method to study the damage zone near the crack tip in edge
and centrally cracked propellant sheets. The propellant was modeled as a nonlinear elastic material. The results of the
stress analysis were coupled with the strain energy density theory to predict the crack initiation and crack growth. The
developed methodology does not include viscoelasticity effects.
As alternative to classical fracture mechanics, the cohesive zone modeling, a computationally effective technique
based on damage mechanics, can be used for the crack propagation analysis of nonlinear viscoelastic materials, such
as propellants. In crack propagation procedure based on CZM the separation of two bonded faces is managed by
traction-separation properties of the adhesive material or the bonded interface. Pioneering works in CZM are due to
Needleman (1987); Xu and Needleman (1994), and Camacho and Ortiz (1996). Liechti and Wu (2001) investigated
a rate-dependent traction-separation law for modelling quasi-static debonding between propellant and the case. In
this study, the traction-separation law were extracted on the basis of measurements of load, crack length and crack
opening displacements in an opening mode experiment at one applied displacement rate. This traction-separation law
was then used to predict load and crack growth histories and the evolution of the cohesive zone at other opening-mode
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loading rates and two other mode-mixes. Reasonable agreement with experimental results was obtained. Han et al.
(2012) also investigated the rate effect during fracture in HTPB propellant. CZM was used to simulate mixed mode
crack propagation analysis of a double edge notched specimen. Since the crack direction and path are not predefined,
cohesive elements were inserted to all surfaces between normal elements. This is computationally intensive, making
CZM attractive mostly for predefined-path crack problems, such as the simulation of bond-line separation in solid
rocket motors.
For undefined-path crack analysis, one of the most powerful analysis methods is the Extended Finite Element
Method Fries et al. (2011); Fries and Belytschko (2010). In XFEM classical finite element approximations are en-
riched with additional terms that capture the non-smooth features within elements independently of the mesh.XFEM
can be used with LEFM or traction - separation models; both predefined-path and undefined-path crack propagation
analyses are possible. Most of the XFEM applications in the literature are for linear elastic media, and only few stud-
ies are concerned with nonlinear elastic or viscoelastic media. Toolabi et al. (2013) used XFEM for 2D analysis of a
cracked body made of a linear viscoelastic orthotropic material with a stationary edge crack.The dynamic mixed mode
stress intensity factors and the dynamic J-integral were compared with the results obtained from FEM and a good cor-
relation was established. Zhang et al. (2010) derived an incremental XFEM formulation to solve crack problems in
linear viscoelastic media. Numerical examples showed that the calculated deformations such as the crack opening
displacement and crack sliding displacement are in agreement with the analytic solutions based on correspondence
principle. There are no published studies concerned with the application of XFEM in nonlinear viscoelastic media or
SRMs.
The main objective of this study is to explore the applicability of the XFEM and CZM in nonlinear viscoelastic
media. In particular bore crack and debonding problems in an SRM are investigated. Although there are several
mechanical loads the rocket motor is subjected to, such as pressurization during ignition, acceleration during storage
and launch, the focus of this study is to consider loads that have the greatest effect on the service life, namely thermal
loads.
The material model representing the propellant is a non-damaging nonlinear viscoelastic model. Although the most
appropriate model for the propellant should include the damage evolving in the material as it is subjected to various
loads, the study is mainly concerned with the exploration of computational techniques suitable for crack analysis. The
consequences of not accounting for damage are stated along with the discussion of results.
All analyses were performed using the commercial finite element software ABAQUS Simulia (2011).
2. Benchmark Study
The benchmark problem is concerned with the application of XFEM to linear viscoelastic materials. In particular, a
double edge crack specimen made of HTPB and subjected to uniaxial loading at a constant rate was considered.HTPB
was represented with a linear viscoelastic model. Traction-separation damage model was used in XFEM. The finite
element mesh consisted of 2100 CPE4 elements. Figure 1 shows von Mises stress contour plots of XFEM and CZM
solutions along with the fracture morphology. As can be seen crack trajectory predicted from XFEM analysis is in
good correlation with those from the CZM analysis and the test, both taken from the literature Han et al. (2012). The
reaction force histories predicted from XFEM and those from the literature are compared in Figure 2. The results
agree quite well up to the time when XFEM solution encountered convergence difficulty.
3. Crack Propagation in SRM
Propagation analysis for cracks located at the bore and at the propellant-case interface were performed. For bore
crack simulation it is convenient to use XFEM since the crack trajectory is not known. For debonding simulation
CZM is appropriate since the crack is known to propagate along the interface between the case and the propellant.
The geometry, the material models and the loading presented next were used for both bore cracking and debonding
analyses.
Geometry
The SRM has a cylindrical structure with a circular cross section Le et al. (2013). It consists of a solid pro-
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Fig. 1. BM: Mises stress contours and deformation shapes at time 27 sec (XFEM:this study, CZM and test:Han et al. (2012)).
Fig. 2. BM: Reaction force predictions (left:this study, right:Han et al. (2012)).
pellant, the grain, enclosed in a composite case. The inner and outer grain diameters are 202mm and 400mm,
respectively. The case thickness is 6mm.
Material Models
The SRM consists of two different materials. The case is made of a fiber reinforced plastic and was modeled
as a linear elastic material. The grain is a nonlinear viscoelastic material. The constitutive model used for the
propellant combines viscoelasticity with a hyperelastic model. Material properties for the case and the grain
were taken from a previous study H.C. Yıldırım (2011). For the propagation analysis, traction - separation
damage model shown in Figure 3 was used. The T-S model is defined with two parameters: tc, the maximum
stress value which determines the crack initiation, and Gc, the fracture energy which is the energy needed for
complete separation of the new crack faces.
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Loading
SRM was subjected to a cooldown, followed by cyclic temperature loading. The motor started cooling from
600C which is the stress-free temperature. Then the temperature was decreased to 20◦C, 0◦C, −20◦C, −40◦C
and then increased in the reverse order with 2 hours of waiting between each temperature level and at the rate
of 20◦C/h. This cycle was repeated three times.
4. Bore Crack Propagation
The propagation of bore cracks was analyzed using XFEM. The mesh consisted of 13311 CPE4 elements. The
initial crack was located at 90◦ position as shown in Figure 4. Six different initial cracks, with lengths of 2mm, 4mm,
12mm, 16mm, 24mm, and 32mm, were analyzed. For each crack configuration, crack growth and stress distribution
were calculated.
Fig. 3. T-S curve for crack propagation Han et al. (2012).
Fig. 4. FE model for bore crack propagation.
For the cooldown from 60 C to -40 C the calculated crack propagation histories for different initial crack lengths
are shown in Figure 5. It is observed that propagation depends on the initial crack size. That is up to some initial crack
length (in this case 24 mm initial crack), the crack growth increases with increasing initial crack length, after this
point, crack growth decreases as shown in Figure 6. The XFEM solution of the propagation analysis was compared
Fig. 5. Bore crack propagation histories for various initial crack lengths. Fig. 6. Bore crack growth dependence on the initial crack size.
with the J-integral approach. A numerical example for 4mm initial crack length is shown in Figures 7 and 8. The
dissipated energy during the first propagation step of XFEM solution (from 4mm to 6mm) was calculated as 0.45E-
3N/mm, while the J-integral difference at that time of stationary analysis was calculated as 0.47E-3 N/mm. Therefore,
it was concluded that the XFEM solution is in good correlation with the J-integral approach.
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Fig. 7. Energy dissipation resulting from XFEM solution.
Fig. 8. J integrals for 4mm and 6mm stationary crack analysis.
5. Debonding Propagation in SRM
Debonding propagation was simulated using CZM, in particular the surface based cohesive segment method based
on bond contact of interface surfaces and the traction-separation damage rule was used. The mesh consisted of 6528
CPE4 elements with the initial crack located at top-end of the quarter model as shown in Figure 9. Five debonding
angles, 5◦, 10◦, 15◦, 20◦ and 25◦ were analyzed. For each crack configuration, crack growth and stress distribution
were calculated. For the first cooldown the calculated crack propagation histories for different initial debonding angles
are shown in Figure 10. The dependence of the propagation size on the initial crack size showed parabolic behavior,
that is with increasing initial crack length the propagation length decreased.
Fig. 9. FE model for debonding. Fig. 10. Propagation histories for various initial debonding angles.
The final state of the crack propagation and the radial stress distribution are shown in Figure 11. The blue regions
are the zero-stress regions which indicate the portions of the cracks that reached the final separation (point B in Figure
3). The other portions of the cracks are still in cohesive zone and need additional energy for full separation as shown
in Figure 12. For temperature cyclic loading crack propagation occurred only during the cooling part of the first cycle,
as it was the case for the bore crack propagation. Similarly the peak stress reached at each cycle remained the same as
can be seen in Figure 13 where the radial stress history for 15◦ initial debonding case is shown.
6. Conclusion
Crack propagation analysis methods were investigated for nonlinear viscoelastic materials. Upon verification of
XFEM and CZM through a benchmark problem, the methods were applied to analysis of bore crack and debonding
propagation in SRM. The propellant was modeled as a nonlinear viscoelastic material and the motor was subjected to
cyclic temperature loading.
As a general conclusion to this study, it can be suggested that FEM, XFEM and CZM are effective and suitable
techniques for crack initiation and propagation analysis in nonlinear viscoelastic media such as solid propellant rocket
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Fig. 11. Radial stress distribution in the final states of debonding.
Fig. 12. Representation of the cohesive zone.
motors. In particular, XFEM is more suitable for bulk material crack propagation where the crack path is not known a
priori. For the interface debonding problem where crack path is known, CZM provides an easy and effective method-
ology.
In particular, the analysis results showed that for both failure cases of SRM, bore crack and debonding, crack
propagation occurs only in the cooling part of the first cycle. In the proceeding cycles the crack does not propagate.
In the actual situation, crack length increases as the number of cycles is increased. In order to observe this effect in
crack propagation analysis, the constitutive model should account for evolving damage effect. This may be considered
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Fig. 13. Radial stress history during the cyclic loading for 15◦ initial debonding case.
as part of a future work. Experimental studies for the verification of the methodologies described here may also be
considered as future work.
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